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meumbuy inveElt*tiona

tuxnleltoadexmbe the effects
hav13beenmadsdll the Langlaygu6t
ofas~edge mrticalgueton the

blade flapu36e vlbratcmy btuWng mmentiO-ii Sal U raox13havang
either fixed-at-root or teetering blades. Both rotor cmfigna-
- tested q@to s tip-elpeea ratio of about O.fi.

The results fcm simulated fomrewd fllglrb Hcate that the effect
Ofwleguet cmthemwdnum Viku?atcq benalng Imlmnt is of less illlpor-
~r~the ~ rutor than for tha flxedd3hroot rotor.
ulCceaairlg thercdxm6peea Mcxeases the nuagniiade of the vibmtouy
bendfng mmuentsreeul.ting fkm a given gut. At a given rotm epeed,
theluegnltlza.e of them.bmatory caqmlente duetothegust~s WI*
Increasing tipdpeed ratio. Increasing therotar speed atacamtant
fmmard vebci* decreaeea the mYLanuAvllmatCmy benalngmum91rt13for au.
codltlone tested. The rate of increaae of the vl.bra~ be&ing
mmnts uith tip-epeed ratio is ~oulmately twice as great fac the
fixedat-root rabor ae for the teetering rotar.

The effect of gusts on helicopter-blade bending mxlmrbsisndweu.

known. ~imental tests of a full-scale rotar in gusty air have been
nuidaat thekngleyh elicopter tower (ref. l) forcaditionewhlch uere
ulELted by~lowfmrard mlocitiefl produced ~eurface winda. m
mdertoad dtotheundemtauding Of ’theprdble +simplatestsof aratom
which was reab?ainad frcmlvwrtlamw tion~mdeim tha Langlsy gust
tmmel, where guetveloci*, fCHEm’a E!pead,an drotm?epeeacouldbe
cau&oueaanama6ured 6C=tdJm Fac these taats, ea ideallzed m
sharp-edg3 guetwa6ueed for asin@.e gust ~.e
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The tests were mde for two rotor ccadltiom, cant~ ti s-Baw,
hereinafter referred .to aO the fixed-at-root condition and the ~
ccQaition9 The fixed-at-root cmdltion, which 10 not a reastic cOnU-
thn, WaB included aB a matter of ~Bt becawe mxlnana gust effects

would be qded fa tbiB dStiOIh _ hiB=eB Of H
bedung 6trdl ~ recorded for the Ccdrouea condition of glultvaoc-
i@, formml veloci*, and rotor speed. The results of the inveOtiga-
ticummpemntedi ntbisr=pc=ba Hoatteqpt ismdetocow=e *
~ =EdtB With ~Cd. _~B ,
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airBpeea ofrotaralongfli@t P=wf ’w

rctor anguler velocity, radian6/Oec

blade H#!Kk, ft

rotcrtip Bpeed, fps

*
.

gust velocity, fps :

bl&10-BCSCtiCKLpitCh EX@b3, &g
. .

rotor angle ofattack (angle betueen fll@path and Plane
~- * =4s M ~ f’a~) , positive when
f3xiS iB ~ ~, d.=~ .

blade flapwiOe bending Btiffku3B0, UAn.2

induced vekcity in hO=riU& *B

mm APHuwm8

The appcmalw used for the test6 consisted of the gust-tunnel Jet,
therotating mm,andt herotor asOedbly mcnmtdh_14m@ay gusttun-
nel, aashouninfiguresl ana2* mle Langl.q gu13ttlmnel i8taimply m

_t&Od 10W-VdOCif# WdLldtumd Wbidl ~B an 8- ~ M-fOOt ~-
tical Jetofair thathaaanamwouhu3* rectagubr
(see ref. 2.)

veloci~ profile ●
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The ratatlng armof ~-feat radius was mowrtedona6MchU@t

baseinthe gusttuunel, andvas usedto-a foruardm?locityto
4 therdor eummblytbroughglven gusts. Therotatlllg mllwasmamwiw

~ti~=-ptia ~q 3/4 remllzkkn snd was
thenallowe dtocoastatacmstant &locl&durin gtheralmrpenetra-
tlon hto the gust. The f~ vl?locl~ was racmded on an oa~ph.

!l!herot orassedb lyahounlnflgure Zwasattached tothee?a of the
rdatlng maadccmsistedof atwo-blade rotor drl-~a hi$h-speed
electilc rotor tbraI@ a spae&rewctio?l gesx b. Rotor-speed CoYr&ol

uasoMSned ~useofarheostatln Wapouer-_l he. The *ical
dsmcteristic60f therotxn’ weLdas I!u’ashown lnflgureh. The Z’wkm
bhdem - rec tmgularl nplanformandhada radlusof ~.6glnchets
tiachordofl.20 *8. The blades wereccmstructedof am~
ahulnsm spmenclosed ina ceuulo~nlateKh91 to foummlwu
ool~ airfoil Sectloll. Thi13~of cons&uctlonvas used in-to
obtain a rqrasentatlm bhde W8igkt a?d bending stifham ● The flint
natural benalngfkequencyof w nmrotating blade was 6.36 qCIJM per
second and the dsmpiag ratio was O.~. me dmqpingI’Stlo 10 defined m
theratio of theactual dau@ngcoefftdent tothecritlcal dml@ngcoef-
flcient and was Obtalnea ~. The blada bending atlffness of
33-ha2=9su@w-- thatwhich wolwh obtained w
dynamicscallngofatwkal~s- blada, buttblsfkctcw is not
Considered to ba of great *ortanca fortksa tests. !merotmhlib was
cmstructed so that-blades could be fixed atthrootln the flapplng -
ddxection arbefree to teeter. F& bolhrotm colmgwations, drag
binges which aUowed a fore—an&&t ~ofthebladalnwplsne
ofrotation u=epmwldadat2.17 percent oftharcrtar radius frmn tba

.

ticsllxdsofthehdb.

Reslstame-wire Btxain ~B Uw?e nunmtedonthespm?ofcmemaae
soastoform ccxq=bridges at~.8percent and&8 pemcent of the
Uaderdhlsin ardertolmasm= bedlng stralas lntheflap’wlse urac-
tlon (see fig. 4) ● Theou@lt of thesta’aln gages was tawxumitted toa
~osclUogm@ tbrm@asU*r* assembly cmtherotm=mcnmt
Ukllch ccmsisted M Bilm sMp rings with -* brushes (fig. 3). The
sensitlvl* of the entire s~gage” and recording system was o~
~ a cald.bratlon of ~~ defection a@21sthlown bending llumnts
applled to the Instruwmted blade. The sensitlvl@ fac both ~ sta-
tlws was there~ o~ titemusdbendlng mm?lltperiz@l of*
~tcwdalzactlom !llhemdl allsadu =snotstluulated dllringthacsu-
bratiom Sizlce - ~l.oads cancel ateachstatlcm uhanthatqp and
botlxm strain gages ~ Iad$acent arm of a IwIdge.
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me tests coxlsisted of tamlg tilm-histay I’e* of blade be@Ang
tatrdnas therotor passad frcausmotJl airlntothe M Vertical gustm
Arecord od?thestrain farthemtcm hmerim Outsida thegustuas also
tsanfcmeachtestmn. The follomg tEmi-givEmthera@ Ofmdel
test conditlms almg wI* the corresponMmg mil.ues for an egpivalent
fliu-8cale rotmof16-foot radius W’henbcdh areassluldib be-
at the sanu2llft coefficient:

Md.al value ‘- ‘Equivalent
“factar fliu-scae -

Rotor radius, ftaa aa 1.31 U

Rotcmspeed, r$m. soa 600 to 1,2CX) 17&2 172 to *
mm=%fl? s”.””. &.3 to 164.6 ~5z2 288 to 576
mrwxrd veloci*, fpB ● ● Oto’p s, m otolJ2

(in g incrw=nt
m~*,fPm . . . 5; 7=5; ~ pz 17.5; 26.2; 35
TiP4peedratio. . ,.0 0 to 0.35 1 0 to 0.35

me tests were Conhlcte d at a cowtant, relativ’aly low blade pitch
Q e 0f30
severe stall on
m longitumlal

in order to decrease the posslblfity of enco&&ring
therotor bl.ades as they entered the gust. Ho kteral
CYcllc pitch was EmLKedto * rotcm fcm these lasts.

Prior to the fxlalmia of the records of ~ Stiti, it -
bellerved necessemyto obtainresonance diagrams of he va+bion of the
natural blade fhpwisekatL13g nKdE?swith mtorspeeatodSterdm
whether res~ Cculaitimlswere encovrtered m the laxge rauge of
rakr speeds used for the tests. These plots (PA &) anti q(b)) were
deterndned byusillgthepro=dlm of Zwferenqe ~-- ::-
mntal nonrotating-Made f%qpenq for b9th the fhed-at-zxwt condition

the teetering Condltionm

-dim of figtu= !j(a) for the ITixe&at-root caudltim shows that
first n@.a of kxd3ng 16 ~ the l-pem-remlubirm ~c~ “

w

..
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line and Is of dm6t egpal dope throughout the rotor-speed ramge.
Therefore, Screw auplificatiau d the Lper-remm-tion Varlaticm In the

.-

bedlng tracea could be qcted. Reamance in the second banUng mde
ts~catedatrotormti 650and@)~. h~caticmti

.

thi8mode mayeJ_ao amin the bending-mmkmttmmm. .

The remnan.ce WagwUnf atheteeteringr otarshcml tifigme 5(b)
10 a ccdbination of cantilever laud pinned-a lllodeB. & addition to
the effects prewloua~ discuesed. f= the fixed-at-mat candltim, other
reacnance Condltioltle ez’e indicated for the ~ *= -se I==
ehounto occur inthefirstentis~c mdeatrcrk mepeedeot’~
and 1,130 ~.

~icd til#S-hiB~ red Of _ ~ 8= ~ ~Ve?l ill
fi.gure6. MBfigweammthes~ maeured mmeblade at bath
atrti-gage etatime for the fixedFaLrod rotor ana the ~-
traversing a gust at a ccalatmt r(Yh?angUlax velocl*fm amnmerof
tip-speed ratios . Theaerecarda represent the blade Btrld%a taken during
6tcw@fUglrt outside theguat, during pmetration of-ule rota? tito the
gust, I?d, for the lower advwlce ratioe, during the m stea@-fllght
Conaitlon when the rotcm was Cullpletely imErsed In the gust. mapecthm
of the tims-~ reccmd .of M ~ strain in figme 6(a) (stt+
tion 1.o.8) fac the fixed-at-rmt rota ehowa the inmsaad Ehrein dlE
to guet encmmkr M the L-pL%r-remlution mlatlcm Which i.apm?e&mF
inantthrm@mt therecard. Ai’terthe rcdmha19penatmated wEU imto
the guet, tM tibmxkq bendbg mmezrlm a@n reach a new steady-state
value alzme the rotm la 8i@y operating at - ticreaaed angle of attack
in the gust. The Xmratoq nmmmta - acmewhat larger than thoee erpe.
rienced Wring the atea@-fld.girt cmdltion ataide the gust, and the

tle’!mlha aincreaaed.mean bending—~

The Lper-r evohrkLon vmiation *cm therec~trace la dueto
the dlfferencea b veloci~ uver the advancing - reta=eating blades, and
ita anplltzde la poeaibly Iwreaed becauae of thepxadmity of the firat
~ - to tlw l-per-revolution ~c f- functicm indi-
cated in figure 5(a). At We outboard aiaxdn-~ station (atati~ 6L8), -
the l-per-revolution v=latlon la again present, with evl* of higher
harmmic ~tiona auperimpoaed.

kemination of the t--hiatcny records of figure 6(a) for ttm
teetering Cdtlom * that lit+le, if any,

~a~==a~th=m=t la

increaee in the vibra~
encountered, butthetthe.m?!en

~-~ tlemlhM Incmaad totheaemexbent aa forthefixeL
at-root conditicm. mereti~l ittkincreaaein thevlbratm’y
atraina becauee of the blade flapping motion which alletitea a -or

monoftheloaa. M the teetee~~ cmditim, figure 6(a) shows the
presence of a l-per-revolution -Iation (station 10.8) and also, in a-
caaee, a ~-per-revolution variation (station 61.8) in the blade abwdne
which la predicted by W resonance ~~f’@=e5(b).
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increases (figs. 6(b) and 6(c) ), the tim
-w--ti-tiewi~===a So*tam--m@It - -
Condltia is not readhed . In reading the retards, therefore, ?
It was not posslbb to 13qarate the tibratory bending IImllmts Obtdned
durhg the ~teady-fllgbt condltlon In the gust (u’hlch is Bi@y a rotm .
angle-of-attack change) frcm the Vlbratm ~t8 eXPCWi=Ced ax -
the transiext condltlon wherethe rotor fhst entered the gust. There-
fore, ~records such as those shownin figure 6for~erent forward
velocities, gust mlmltles, d ratatlonal $peeds, the ,nwdnnmml@i-
trdes of the Vibratory beddng ccmQauent13far the Wbeady-mght Condition
outside thegust andthetmnsiecrt condltia attbetlme the rotor
entered the gust ~ I.’e*. mse WJlles are rqresented by the “ImxinmU
Wlath & the stz’aln envelspa . These blade ~bratcwy bending ~s
for bath the fixed-at-roti condltlon and the teetering ccudltlon are “””— —
sham in figures 7 to IQ plotted agEdnstthe tip+rpeed ratio y for
VSJZLOUS gust wiLocltiet3 d rotor rotatlaual vel.ocltlea.

The lowest ctmve of these plats =cates the mmlatlon of the wucL-
mm Vllxraturybending mawnt With tip-speed mtlo for * steady-flight
Conddtlcm Outalde the gust. The - curves, m gust curves, Indicate
them9xlmuQ vllxratory benUngnmm7xt13 eqperlenced asaresultof the gust ?
encowrber and the acc ~ * s@e-of-attack change. DlfferenceO
between thel.uwest cmve and any gust cwrve%epretaent the increase In the “
maximumvikmhory bendbg nrnmnts dxw to the gust at wmious tip-speed w
ratios. The points platted nem v = O on the gust curves represent the “
~ vtbratory bendhg nwmnts that would be experienced by the rotor
traweming a gust at sa ex&elWly low advmme ratio m f~ speed.
These points were obta- eqerimnu W recmWng * bending mmmt
for the rotor Wverlng owtsldeth egu standat ticrmenbs of ad
12 percent of the rater-disk penetration mldl the rotor was co@etely
illmrsedknt hegust. !f!hegu stc’mvesw emnotex&I&ld to include-these ‘-
‘pores, Since the Shspe of the curves In the regbxl Is unknown.

Fixed-at-Root Oondltlon

mpection of figures 7smd8shaws that thetibratory bending
mcmmntsIncrease h an cmderlynmnnerwithgust velCMxL@andthat the
increase is appraximtely ~ ,ylth tip-speed ratio above IL= O.10.
Further exsmdnation of these -s tndlcatps that the gust effect Is ‘- -
decreased with imreas~ rotor speed, espectdly at the lower tip-speed

.—.

ratios . ~s decrease iS due t@ the fact that, as rotational ~ed ia
hcxW3Sed, the blade beC~S etmer and theI’SfOrS the ~tude Of th
vibratoxy bending mcmmts Is decreased. F= “a @van rd’or speed, hme’ver,
the magnitude of the vibratmy ccqments due, @ the gust increases ulth
Increasing tip-sped ratio.

.—
.-



mecwves of figms7and8tio ehowthat imepread betweenthe
cUrvefor serogust danygust-veloci* cUrveiB fair~&gefm the
coQlete range of tip-speed ratibs tested. rtca?lbe cmduded, tbre-
fw?e, that’bhe effect cd?we gust On the IwxdmUm Vmratory bendimg
mlMntO is 8igzliflcaIrlifar the fixed-ebroot rotm?.

Iilatlon totlleeffectsn crted intheprevious~,lhe
amvesfor theno-guet condi.tion tifigms7and8~text Mge
tibmtory beldlng ImlEnts Ocmr at tip-speed 15xM.os of &bout 0.02 to 0.07.
Themevibratory mcnumtam eepe- noticeable at the bl@er rotm
_ at the -= strd.n=Ks@ station (see fl& 8(d)). It is known
that these -ge flapwise vilmatary bending ~ cwloccm’tnruhx’
blsdes k f~ fU@t because of uruqmmtical dmmaehtbrcK@h the
rotor disk. These vibratory moumcts have been rqortedtobeamdmm ‘
at20ton ndlesperhcnm for ahdlcqptero fncmitddl .eklo ading (2.0
tO 2.5 xb/sfz ft) d ~ r0t6titi tip-m (s= ref. 4). MS
Speed range ccmespondst othetmnsltlml region frmhmsrlngtofw?- .
uerd fllght, where the ~calfluwtbrou@ the *diakls large.
hqE17EuId8,u

T
of tip-speed ratio corresponds to a range

of velocl~ ratio v/* theratlo of the formWvlsloci@ to the

~ iaduced Veloclty) of 1.0 to 2.0. Ewcelnduced flow lnhovl?rlng
Issmall because of the law blade pttchangle ueedfor tile tests, the
_ _ ~m~ h a lcm f~ veloci*. - res-tt3 pzw~tt3d
znfq9n?es4a nd50f reference 5illdicate that, fcWthecondltian of
seroshaft-axlstllt (a= O”) *a blade pitch =gl.e 0 ott’~,the
~dlssymetIY of thelnflow mloci@occnm atavelocl@ ratio
of frau 102 to 2.2.

Teetering Conditicm

F@Uces9tim-W=tium Of the ~ Vlbmtoly belWng
mmnts Wfth tip-speed ratio for the te&ring ZWtorqperattngd dlffer—
ent rotm speeds through ~ous gusts. As with the fZxe&at-root *,
the blade vibra~benmzlg llmlmlts increase lnaaorderly~
gust veloci* and iacreaee ~Wly Une&Wly with t*sp9ed mtiti%
above v = O.10 at both gage statiaus. AMo, Increaeiag the mm speed
decreases thegueteffectaefcm the fixed-atdrfmk Cadltion (figs. 7 and
8). Ataglven ~speed, tbemagnl~ of thevlbratmymawnts
lncreaset3 with Incmaehg tip-speed ratio. kqparlsan of the slqpes of
thIs~sof f@zYx171Eud8w Ith those of ftgurem gti~ indicates
tbatthe rateof Increase of the vibratoqy ~ ~S wI* tip-speed “

=~ols~w-=-pt= * fixed-akcoot rotor as fm
theteeteringrotcm. Theeff’ectcmthe~ ~toftbehl@13y
Wqmmtrlcal flaw which Occlms during the tramllxlul regim frull hmerlng
to fcmnxcd fll@tlO~ evident fithe~ *, e-u
at We outb~ &e station (fig. lo).
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The Bpreaabatween the ~s W’blch aefpkt guet and no-gllet ccmal-
tltxw 18 BDmu far * Ccxuplelxlq of tip-qpa ratioB tested. ma
the case of the teeteringrutar,therafm’e, ”i.t Can be cOncLuaed that the r

effect of gusttacm the mexlmumvibratory benalng IIEuEnts is fdrly mall.

Eefect of Rutor qpeea

Ihmaerto ebmrthetitimlof thevibmtory benaingmcmnltswlti
rotcmBpeeaeJ.one, EbcroBs platwasobtsnea mflgureB7tolQby
plcktlug tlp-epeed ratloq fcm.whlchthe fammrd velocl* wae ~ feet per
second. These reeults m ehown in fl~ 11 fca both the ~t-root
alla the teeterbg Conalticn. Itehoul.d bepolnted outthatcontlnuoue
amveswere not fairedthrmgh thatest polntstiflgmall, since the
resonance ~ of ftgure 5 Indlcata miouB raBonEulce Conaltlom
tithinthe ra?lgaof rotor spaadE tested. Eu!patiml of f!@relli z&-

. Cates that, at E Conetant f~ W?dlxi@, the lmudmmltibratory ba@ing
lnomentOaacream With Increaelag rata? Bpeea for ‘bath * Configmatlmle
butdacreese toagmater extent tithacaee oftha flxea-at-rout c&-
tlon (*. U.(a)). !Oe figure alI3o points...ti the lower ~ Vibratory ,
bending mamlt6experiencaa bytha teetering rataras mmlexadwlththa
flxe&a+whot&.

_~BOIl Of

AB an Incidental
- VmL’atm’y banding
gUstwaO&temlnd.

km ma vibratory

~ Of t.b tE!BtB,

— —
... .. ..

w

- ~ _tB

the relatlonahlp batwcan the ~
~ntB f= the B~-fl@Lt CODdi’ti.m OUtBti th
I!twaafoun athat,alawoumbe expected, the mean

bending mm?tiB fm the fixa&a&root _ teetering rotors wai’u the m.
h~tiOIl,t@!llWl~~tB ~~~~ttith
tlp-epaea ratio abum p -0.1 and mid B~t Ulth rdatbnall Bpead.
At formxrdspeeds ah cruising speed, the tukil vibratory banding
_ntB ~rle~ed at We Inboard BtaMm were about @ ~CeIlt of -
mean Vmxas far the fbsd-at-roch Ctitlon azla30 percent of the ~
values for the teetering ccmdltlcmm At the ~ BtWtkUl, ‘thOVi&&=
torymcnQentB mounteatoabout60 orppercent of themanlxwU.ng
~tB for both configuration.

.—, _

coNcIuamIm

Qwbtunnel tests of a fixed-at-rod -ahd a teetering mnlel halicop- . -
krotor X.58* slndlemster Iwmtngab-,pitchangleof 3° ware
nmdewlth therdOrBpenetrathg awmtical sharp-edge guet. Xhe flap-
WiSetih~ ~ ~tS Uare~~ at - t3~~ B&fiOM .

b

,
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-tedat~.8percent and 61..8 percent of the blade radius. tithe
Easf.s @ * remts obtdled, the follming Cauclusiozls - drawn:

1. Thevibratory benUag~t31ncrease inanorder~manner Vlth
gustveloclty and&e acoWpa@ng ZWbor angle-of-attack change m IxYth
cmftgmations at W test conditions.

2. Ataglven r&xrspeed, then=gntlmla of thetilxmhxvoc=qo-
nentsdx?s tothegllst increases with Increasing tip-speed ?Hatlo.

.Wxraaslng the rotor speed decreases themgnltniled? the via
tory?en&lg BKxllcntsduetotbe6ust.

k.!memteofimrease of-Ulevibratxxy bQding Xxlmlts With tip-
Speed ratlo=dmB_y twice as @-eat for the flxe&tlt-root rotm
*for the

59 Inoreaslng therotom 6peedatacmstant ~ mlocl*

decreases the mximm Vlbratcny bending ~ts for w test Cmditions ●

6. Theeffect ofwgusts athe ~ tibra~ bending ?mQs&s
isofless ~fortheteeterlng rotor thanfathe~ t-root
-m

Iald.eY AeroIEutical Imxx’atcnm,
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